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Background. Crystal formation and retention are critical
events for the formation of kidney stones. Oxalate and calcium
oxalate (CaOx) crystals are injurious to renal epithelium, and
membranes of injured cells promote crystal adherence and
retention. Calcium phosphate (CaP) is the most common crys-
tal in both urine and stones, most likely to form in the early
segments of the nephron and can nucleate CaOx in a metastable
solution. We hypothesized that CaP can also injure the renal
epithelial cells.
Methods. We exposed proximal tubular origin line derived
from pig proximal tubules (LLC-PK1), and collecting duct ori-
gin Madin-Darby canine kidney (MDCK) cell lines to various
concentrations of Brushite (Br) crystals and investigated stain-
ing with Trypan Blue and the release of lactate dehydrogenase
(LDH) into the medium as an indicator of injury. In order to
determine the involvement of reactive oxygen species, we also
measured LDH release in the presence of superoxide dismu-
tase (SOD) and production of hydrogen peroxide (H2O2) and
8-isoprostane (8-IP) in the presence of the catalase.
Results. Exposure to Br crystals was associated with LDH
release by both cell types, induced the production of H2O2 and
8-IP. Presence of SOD and catalase reduced LDH release as
well as staining with trypan blue. Catalase was also associated
with reduced production of H2O2 and 8-IP.
Conclusion. Brushite crystals are injurious to cells of both
the proximal tubules as well as collecting ducts. Injury is medi-
ated by reactive oxygen species. We propose that CaP crystals
can independently interact with renal epithelium, promote sites
for crystal attachment, and then either grow into mature CaP
stones or create sites for CaOx crystal nucleation, retention,
and stone development.
Recent studies have provided evidence that injury
plays a significant role in the formation of kidney stones
[1–5], and calcium oxalate (CaOx) crystals are injurious
to renal epithelial cells [6–9]. However, similar data are
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currently unavailable for calcium phosphate (CaP), the
most common crystal present in the urine and kidney
stones [10]. We investigated the injurious effect of renal
epithelial exposure to CaP crystals. Apatite, brushite
(Br), whitlokite, and octacalcium phosphate are some of
the CaP crystals observed in human urinary calculi [11].
We selected the Br form of CaP for our studies for the
following reasons. Even though Br is a rare and minor
component of kidney stones [11, 12], found in only 0.5
to 7% of stones worldwide, it is the initial phase for other
calcium phosphates, including the more stable hydroxy-
apatite, and is most likely to form in earlier segments of
the nephron. Brushite is also regarded as an important
intermediary crystal for heterogeneous nucleation of
CaOx [13–16]. It has been demonstrated that, despite
the excreted urine being generally supersaturated with
respect to both CaOx and CaP, the two crystallize at
different locations in the kidneys [13, 14]. Supersatura-
tion for CaP is reached in earlier sections of the nephron,
where urine is alkaline, while that for CaOx is reached
only when urine reaches the distal tubules and collecting
ducts, where urine is slightly acidic. As a result, CaOx
crystals generally form in collecting ducts of the renal
papilla, while CaP crystallizes in earlier segments of the
nephron. Asplin et al [13] investigated CaP formation
in solutions simulating conditions in the descending limb
of the loop of Henle (DLH) and determined that the
CaP formed was of an immature moiety such as brushite
or octacalcium phosphate. We investigated crystalliza-
tion in the presence and absence of membrane vesicles in
artificial urine solutions simulating conditions in various
segments of the nephron and found that CaP crystallized
in both the DLH and collecting duct (CD) solutions [14].
Crystals nucleating in DLH solutions in the absence of
vesicles were identified as Br, while those in the presence
of vesicles were identified as octacalcium phosphate.
We exposed two renal epithelial cell lines, the proxi-
mal tubular cell origin, line derived from pig proximal
tubules (LLC-PK1) and collecting duct origin, Madin-
Darby canine kidney (MDCK) to various amounts of Br
crystals and investigated the release of LDH into the
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medium as a marker of cell injury. Studies of oxalate
and CaOx crystal–induced injury of renal epithelial cells
have shown them to be under oxidative stress, which
eventually leads to lipid peroxidation. Therefore, we also
examined the production of hydrogen peroxide (H2O2),
one of the reactive oxygen species (ROS), and 8-isopros-
tane (8-IP) [17], a marker for oxidative stress, on expo-
sure to Br crystals in the presence and absence of the
catalase. H2O2 is a stable ROS and converts to water
and oxygen in the presence of catalase [18].
METHODS
Cell culture
Two cell lines—LLC-PK1 (cat # CL-101) and MDCK
(cat # CCR-34) were obtained from American Type Cul-
ture Collection (ATCC) (Rockville, MD, USA). These
cells were maintained as sub-confluent monolayers at
37C in 5% CO2. The cultures were grown in 75 cm2
Falcon tissue culture flasks in a 1:1 mixture of Dulbecco’s
modified Eagle’s medium (DMEM) nutrient mixture and
F-12 medium (DMEM/F-12) (Gibco BRL, Grand Island,
NY, USA) containing 10% newborn calf serum (Gibco
BRL), 2% streptomycin/penicillin (Cat. #A-5955; Sigma
Chemical Co., St. Louis, MO, USA), pH 7.4. Cultures
were fed every 2 to 3 days.
For our study, both cell lines were grown in 100 mm
tissue culture dishes in the medium described above.
When the cultures became 80% confluent, the medium
was changed to DMEM/F-12 without phenol red or so-
dium pyruvate, supplemented with 1% insulin, trans-
ferrin, selenium-X (Cat. #51500-056; Sigma Chemical
Co.), 0.2% prostaglandin E1 (Cat. #P-7527; Sigma Chem-
ical Co.), and 2% streptomycin/penicillin (Cat. #A-5955;
Sigma Chemical Co.). Twenty-four hours after the media
changed, Br crystals were added to the cultures at 5, 15,
25, and 50 g/cm2 and incubated for 1, 2, 4, and 6 hours.
After each incubation, culture media was collected and
centrifuged to remove crystals and cellular debris. Crys-
tals were purchased from Sigma Chemical Co. (Cat. #C-
4006; Sigma Chemical Co.). Their purity was confirmed
by x-ray diffraction. No attempt was made to study crys-
tal cell interactions at the pH existing in the renal tubule
segments represented by the two cell types. However,
we tested pH of the media after addition of Br crystals.
The pH changed from 7.4 to 7.6.
LDH
As an indication of cell injury, LDH release from
the cells was measured in the media. LDH activity was
determined using the microtiter assay in a Cytotox 96
non-radioactive cytoxicity assay (Cat. #61780; Promega,
Madison, WI, USA). Media was aliquoted to 96-well
plates. A positive control (LLC-PK1 or MDCK cells lysed
with lysis buffer, supplied with kit) and media were also
aliquoted to designated wells of plate. Substrate (sup-
plied with kit) was added to all samples, positive control,
and blanks. The plates were incubated at room tempera-
ture for 30 minutes in the dark. Stop solution was added
to all samples. Absorbency was read at 490 nm on a
BioRad 3550 microplate reader (BioRad, Hercules, CA,
USA). All determinations were made against appro-
priate reagent blanks [19].
Cells exposed to catalase
In order to determine the effect of free radical scaven-
gers, we added 400 U/mL catalase to each group (control
without Br crystals, and treated group 25 g/cm2 or 50
g/cm2 Br crystals for 2 and 4 hours). We calculated
the percent LDH increase, 8-IP occurrence, and H2O2
reduction using an Amplex Red Hydrogen peroxide/
peroxidase kit (Cat. #A22188; Molecular Probes, Eu-
gene, OR, USA) for the control and exposed groups.
8-IP
To assess lipid peroxidation, 8-IP was measured using
an 8-IP enzyme-linked immunosorbent assay (ELISA)
kit (Cat. #51635; Cayman Chemical, Ann Arbor, MI,
USA). This assay is based on competition between
8-IP and an 8-IPacetylcholinesterase (AchE) conjugate
(8-IPtracer) for a limited number of 8-IP specific rabbit
antiserum binding sites. Samples, standard, 8-IP (sup-
plied with kit at dilutions of 500 pg/mL to 3.9 pg/mL
controls (total activity, non-specific binding, and maxi-
mum binding) and blank were aliquoted to designated
wells on the 96-well plate. 8-IP AchE tracer and 8-IP
anti-serum were added to all wells according to the pro-
tocol. The plate was incubated for 18 hours at room
temperature. After incubation, the plate was washed 5
times with washing buffer (supplied with kit). Tracer was
added to the total activity wells and Ellman’s reagent
was added to all wells. The plate was incubated in the
dark at room temperature with gentle shaking for 75 to
90 minutes. Absorbance was read at 405 nm using a
BioRad 3550 microplate reader [17, 20, 21].
H2O2
H2O2 was measured in cell culture media using the
Amplex Red Hydrogen/Peroxidase Assay kit (A-22188;
Molecular Probes). A standard curve for H2O2 was pre-
pared at 10 mol/L to 1.25 mol/L. Samples, standards,
and blank were aliquoted to a 96-well fluorescent-ready
plate. A working solution of 100 mol/L Amplex red
regent and 0.2 U/mL horseradish peroxidase (HRP) was
prepared and added to all the samples, standards, and
blank. The plate was protected from the light and incu-
bated for 30 minutes at room temperature. The fluores-
cence emission detection was measured at 590 nm [22, 23].
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Fig. 1. Percentage increase in lactate dehydrogenase (LDH) release
against each control by pig proximal tubules (LLC-PK1) cells exposed
to 5, 15, 25, or 50 g/cm2 concentrations of Brushite crystals for 1, 2, 4,
or 6 hours (N  8). *P  0.05 vs. 1 hour; **P  0.05 vs. 1 and 2 hours;
***P  0.05 vs. 1, 2, and 4 hours.
Crystal exposure in the presence of SOD:
LDH release and staining with Trypan Blue
Cells were subcultured to 8-well slides (Cat. #154534;
Nunc, Norcross, GA, USA) and grown to 90% conflu-
ence. Once confluence was reached, growth media was
removed and acclimization media was added with and
without 400 U/mL superoxide dismutase (SOD). The
cells were allowed to pre-incubate with and without SOD
for 2 hours. After pre-incubation, media was removed
and fresh acclimization media with and with SOD were
added to the wells. After addition of 25 g/cm2 and 50
g/cm2, brushite crystals were added and the cells were
incubated at 37C for 2 and 4 hours. After incubation,
the media was removed and cells were incubated for 10
minutes after adding 100 L of 0.4% Trypan Blue solu-
tion (#T 8154; Sigma Chemical Co.) along with 300 L
of Dulbecco’s phosphate-buffered saline (D-PBS) (Cat.
#14190-144; Gibco) into each well. Cells were viewed
under an inverted microscope. Cell viability was deter-
mined by the number of cells stained blue (dead cells)
divided by the total number of cells counted in 5 fields
of each well times 100 to give a percentage.
Statistical analysis
Statistical analysis was done using one-way analysis of
variance (ANOVA) with Bonferroni/Dunn. A P value
of 0.05 was considered significant.
RESULTS
LDH release
Figures 1 and 2 show LDH release by cells as percent
of increase against each control on exposure to various
concentrations of Br crystals for various time periods.
There was a time- and concentration-dependent increase
in LDH release by both LLC-PK1 and MDCK cells. LDH
release was only minimally increased and no significant
differences were observed between various time periods
Fig. 2. Percentage increase in lactate dehydrogenase (LDH) release
against each control by Madin-Darby canine kidney (MDCK) cells
exposed to 5, 15, 25, or 50 g/cm2 concentrations of Brushite crystals
for 1, 2, 4, or 6 hours (N  8). *P  0.05 vs. 1 hour; **P  0.05 vs. 1
and 2 hours; ***P  0.05 vs. 4 hours.
when LLC-PK1 and MDCK cells were exposed to 5 g/
cm2 crystals.
In LLC-PK1 cells (Fig. 1), there was significant LDH
increase at 6 hours on exposure to 15 g/cm2 Br crystals.
In the 25 g/cm2 Br group, LDH release increased mod-
erately but significantly for 1, 2, 4, and 6 hour incubation
periods. In the 50 g/cm2 Br group, LDH increased dur-
ing 1 to 4 hour incubation periods, but at 6 hours there
was no significant increase from the 4 hour incubation
period.
In the MDCK cells (Fig. 2), there was significant in-
crease of LDH on exposure to 15 g/cm2 Br crystals at
4 hours compared to 1 or 2 hours. After 4 hours LDH
release decreased and returned to 1 and 2 hour exposure
levels. At the 25 g/cm2 and 50 g/cm2 Br levels, LDH
release increased with time up to 4 hours but decreased
after 6 hours of exposure.
A comparison of percentage increase in LDH release
by the 2 cell lines indicates that LLC-PK1 cells released
significantly more LDH than the MDCK cells when ex-
posed to Br crystals. For example, in the 50 g/cm2 Br
group at 4 hours incubation, LLC-PK1 LDH percent
increase was 150%, while in the MDCK cells, it was only
68%.
From these results, we determined that exposure to
25 g/cm2 and 50 g/cm2 Br crystals, respectively, con-
centration for 2 and 4 hours gave consistent results for
both cell lines; therefore, these parameters were used in
the subsequent experiments.
LDH release after catalase treatment
Results are shown in Table 1. The presence of catalase
in the medium was associated with decrease in the per-
centage release of LDH by both cell types for both crystal
concentrations and duration of the exposure. In the 2
hour 25 g/cm2 Br group, LDH release by LLC-PK1 cells
decreased from 80.4% to 56.2% and in the 2 hour 50
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Fig. 3. Percentage of increase in 8-isoprostane (8-IP) release against
each control by pig proximal tubules (LLC-PK1) cells exposed to 25 or
50 g/cm2 concentrations of Brushite crystals for 2 or 4 hours. Without
catalase group or with 400 U/mL catalase group (N  8). *P  0.05
vs. 25 g/cm2, 2 hours without catalase; †P  0.05 vs. 50 g/cm2, 2 hours
without catalase; §P  0.05 vs. 25 g/cm2, 4 hours without catalase;
‖P  0.05 vs 50 g/cm2, 4 hours w/o catalase; #P  0.05 vs. 50 g/cm2,
2 hours without catalase.
g/cm2 Br group it decreased from 100.2% to 74.4%. In
the 4 hour 25 g/cm2 group LDH release decreased from
120.9% to 43.6%, and in the 50 g/cm2 group LDH
release decreased from 145.9% to 91.3% with the addi-
tion of catalase to the media. In the presence of catalase
there was no significant difference in LDH release from
2 to 4 hours of exposure to 25 g/cm2. However, LDH
release was significantly higher after 4 hours as compared
to 2 hours, 91.27% versus 74.37% when cells were ex-
posed to 50g/cm2 Br crystals in the presence of catalase.
Similar results were obtained for MDCK cell line (Ta-
ble 1). In the 25 g/cm2 group, the percent of LDH
release decreased in the presence of catalase from 79.3%
to 34.4% after 2 hours, and 91.6% to 22.8% after 4 hours.
In the 50 g/cm2 group, it decreased with the addition
of catalase from 99.9% to 59.4% after 2 hours, and
109.5% to 81.8% after 4 hours. There was no significant
difference in the LDH release in the presence of catalase
after 2 or 4 hours of exposure to 25 g/cm2. However,
LDH release in the presence of catalase after an expo-
sure to 50 g/cm2 crystals for 4 hours was significantly
greater than on an exposure for only 2 hours.
Production of 8-IP
As shown in Figures 3 and 4, exposure to Br crystals
resulted in the production of 8-IP by both LLC-PK1 and
MDCK cell lines, and the production increased with
duration of the exposure as well as concentration of the
crystals cells were exposed to. The highest increase was
seen after 4 hours of exposure to 50 g/cm2 Br crystals.
Percentage of increase was lower in the presence of cata-
lase in the medium. 8-IP production in the presence of
catalase by LLC-PK1 cells (Fig. 3) exposed for 2 hours
to 25 g/cm2 Br crystals decreased from 38.6% to 21.8%.
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Fig. 4. Percentage of increase in 8-isoprostane (8-IP) release against
each control by Madin-Darby canine kidney (MDCK) cells exposed to
25 or 50 g/cm2 concentrations of Brushite crystals for 2 or 4 hours (N
8). Without catalase group or with 400 U/mL catalase group. *P 
0.05 vs. 25 g/cm2, 2 hours without catalase; †P  0.05 vs. 50 g/cm2,
2 hours without catalase; §P  0.05 vs. 25 g/cm2, 4 hours without
catalase; ‖P  0.05 vs 50 g/cm2, 4 hours without catalase; #P  0.05
vs. 50 g/cm2, 2 hours without catalase.
When exposed to 50 g/cm2 crystals, 8-IP decreased with
the addition of catalase from 85.1% to 40.4%. At 4 hours,
the 8-IP production decreased from 65.1% to 22.5%
in the 25 g/cm2 Br group and 123.8% to 58.7% in the
50 g/cm2 Br group.
In the MDCK cell line (Fig. 4) at 2 hours exposure,
in the 25 g/cm2 Br group, 8-IP production decreased
from 61.9% to 38.2%, and in the 50 g/cm2 Br group it
decreased from 86.0% to 47.6% with the addition of
catalase. At 4 hours, in the 25 g/cm2 Br group 8-IP
decreased from 79.1% to 40.4%, and in the 50 g/cm2
Br group it decreased from 97.0% to 61.7% with catalase
addition.
In both cell lines exposed to 25 g/cm2 Br crystals in
the presence of catalase, there was no significant differ-
ence in production of 8-IP between 2 hours and 4 hours.
On the other hand, both cell lines exposed to 50 g/cm2
in the presence of catalase released significantly more
8-IP after 4 hours than after 2 hours. LLC-PK1 produced
40.4% at 2 hours and 58.7% at 4 hours. MDCK cells
produced 47.6% at 2 hours and 61.7% at 4 hours.
Production of the reactive oxygen species, H2O2
Exposure to Br crystals resulted in significant increase
in the production of H2O2 by both LLC-PK1 (Fig. 5) and
MDCK (Fig. 6) cells. For both time periods and both
cell lines, there was a significant difference in H2O2 pro-
duction after exposure to 25 g/cm2 or 50 g/cm2 Br
crystals, being higher at higher crystal concentration. In
LLC-PK1 cells, H2O2 production increased from 54.8%
over the control to 68.7% after 2 hours, and 65.3% to
77.4% after 4 hours (Table 2). Similarly, in MDCK cells
H2O2 production increased from 56.9% over control to
69.8% after 2 hours, and from 60.4% to 77.3% after 4
hours.
Fig. 5. Production of hydrogen peroxide (H2O2) by pig proximal tubule
(LLC-PK1) cells in the presence or absence of 400 U/mL catalase in
the medium (N  8). The concentrations of Brushite crystals are 0 g/
cm2 (control), 25 g/cm2, and 50 g/cm2. The exposure time periods
are 2 and 4 hours. *P  0.05 vs. 0 g/cm2, 2 hours without catalase;
†P  0.05 vs. 0 and 25 g/cm2, 2 hours without catalase; §P  0.05 vs.
0 g/cm2, 2 hours with catalase; ||P  0.05 vs. 0 g/cm2, 4 hours without
catalase; #P  0.05 vs. 0 and 25 g/cm2, 2 hours without catalase; **P 
0.05 vs. 0 g/cm2, 2 hours with catalase.
Fig. 6. Production of hydrogen peroxide (H2O2) by Madin-Darby ca-
nine kidney (MDCK) cells in the presence or absence of 400 U/mL
catalase in the medium (N 8). The concentrations of Brushite crystals
are 0 g/cm2 (control), 25 g/cm2, and 50 g/cm2. The exposure time
periods are 2 and 4 hours. *P  0.05 vs. 0 g/cm2, 2 hours without
catalase; †P  0.05 vs. 0 g/cm2 and 25 g/cm2, 2 hours without catalase;
§P  0.05 vs. 0 g/cm2, 2 hours with catalase; ||P  0.05 vs. 0 g/cm2
and 25 g/cm2, 2 hours with catalase; #P  0.05 vs. 0 g/cm2, 4 hours
without catalase; **P  0.05 vs. 0 and 25 g/cm2, 2 hours without
catalase; ††P  0.05 vs. 0 g/cm2, 2 hours with catalase; §§P  0.05 vs.
0 & 25 g/cm2, 2 hours with catalase.
Addition of catalase resulted in significant reduction
in H2O2 production by both cell lines (Figs. 5 and 6,
Table 2). In LLC-PK1 cells exposed to 25 g/cm2, H2O2
decreased from 54.8% over control to 27.2% after 2
hours, and from 65.3% over control to 28.0% after 4
hours. In LLC-PK1 cells exposed to 50 g/cm2, it was
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Fig. 7. Total percent lactate dehydrogenase (LDH) release by pig prox-
imal tubule (LLC-PK1) cells with exposure to 25 g/cm2 and 50 g/cm2
for 2 and 4 hours (N  4). Cells treated with and without 400 U/mL
superoxide dismutase (SOD). *P  0.05, control vs. exposure to 25 or
50 g/cm2 brushite (Br) for 2 or 4 hours; **P  0.05, exposure to 25
or 50 g/cm2 Br without SOD vs. 25 or 50 g/cm2 Br with SOD 2 or 4
hours.
Fig. 8. Total percent lactate dehydrogenase (LDH) release by Madin-
Darby canine kidney (MDCK) cells with exposure to 25 g/cm2 and
50 g/cm2 for 2 and 4 hours (N  4). Cells treated with and without
400 U/mL superoxide dismutase (SOD). *P 0.05, control vs. exposure
to 25 or 50 g/cm2 brushite (Br) for 2 or 4 hours; **P  0.05, exposure
to 25 or 50 g/cm2 Br without SOD vs. 25 or 50 g/cm2 Br with SOD
2 or 4 hours.
reduced from 68.7% over control to 33.9% after 2 hours,
and from 77.5% over control to 35.8% after 4 hours.
MDCK cells responded similarly. There were no signifi-
cant differences in H2O2 production in the presence of
catalase by the 2 cell lines in response to an exposure
to both concentration of Br crystals for 2 or 4 hours.
LLC-PK1 cells exposed to 25g/cm2 Br crystals produced
27.2% H2O2 over control after 2 hours and 28.0% over
control after 4 hours, while those exposed to 50 g/cm2
crystals produced 33.9% H2O2 over control after 2 hours
and 35.8% over control after 4 hours. MDCK cells re-
sponded similarly.
Effect of SOD treatment on LDH release and
Trypan Blue staining
Figures 7 and 8 show LDH release by Br crystal ex-
posed LLC-PK1 and MDCK cells, respectively, in the
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Fig. 9. Trypan Blue staining of pig proximal tubule (LLC-PK1) after
exposure to 25 g/cm2 and 50 g/cm2 for 2 and 4 hours (N  10). Cells
treated with and without 400 U/mL superoxide dismutase (SOD). *P 
0.05, control vs. exposure to 25 or 50 g/cm2 brushite (Br) for 2 or 4
hours; **P  0.05, exposure to 25 or 50 g/cm2 Br without SOD vs. 25
or 50 g/cm2 Br with SOD 2 or 4 hours.
presence and absence of free radical scavenger SOD.
Exposure to crystals caused significant increase in LDH
release by both types of cells. Crystal exposure for longer
duration and higher crystal concentration caused signifi-
cantly higher LDH release. Presence of SOD in the mi-
lieu significantly reduced LDH release.
Figures 9 and 10 show results of Trypan Blue staining
of LLC-PK1 and MDCK cells, respectively, after expo-
sure to Br crystals in the presence and absence of SOD.
Both types of renal epithelial cells demonstrated signifi-
cant time- and concentration-dependent increase in stain-
ing with Trypan Blue after exposure to Br crystals. Pres-
ence of SOD significantly reduced staining with Trypan
Blue.
DISCUSSION
Even though CaOx is the major crystal in most kidney
stones [11], almost all stones contain some CaP [24].
These observations are not surprising since urine is often
supersaturated with CaP [25, 26], CaP crystals are fre-
quently encountered in the urine [27], and CaP crystals
are a good substrate for the nucleation of CaOx [15, 16,
28]. Stone formation, however, not only requires crystal
formation, but also their retention [29, 30] within the
renal tubules. Most current theories of stone formation
invoke crystal attachment to the cell surfaces [1, 31–35]
and some form of cell membrane alteration or injury for
the retention of crystals.
It has been proposed that renal epithelial cells are
stimulated by CaOx crystals and/or high levels of oxalate,
and, as a result, produce certain molecules favoring crys-
tal attachment. It has also been proposed that specific
domains, which favor crystal adherence, become exposed
on cell surface membranes. The interaction is mediated
Fig. 10. Trypan Blue staining of Madin-Darby canine kidney (MDCK)
after exposure to 25 g/cm2 and 50 g/cm2 for 2 and 4 hours (N  10).
Cells treated with and without 400 U/mL superoxide dismutase (SOD).
*P  0.05, control vs. exposure to 25 or 50 g/cm2 brushite (Br) for 2
or 4 hours; **P  0.05, exposure to 25 or 50 g/cm2 Br without SOD
vs. 25 or 50 g/cm2 Br with SOD 2 or 4 hours.
by oxidant stress [3, 7, 8]. A variety of renal epithelial
cells, including LLC-PK1, MDCK, HK-2 (human kid-
ney), NRK (normal rat kidney), and RPTEC (human
renal proximal tubular epithelial cells), when exposed
to high levels of oxalate and/or CaOx crystals, show signs
of membrane damage [15, 36–41] and release LDH and
enzymes such as -glutamyl trasnspeptidase (GGTP) and
N-acetyl--glucoseaminidase (NAG).
Exposure of renal epithelial cells to higher than nor-
mal levels of calcium and oxalate can perturb their mem-
branes, causing lateral and trans-membrane migration
of phospholipids, sequestering them in specific domains.
Migration of the acidic phospholipids such as phosphati-
dylserine from the inner leaflet of the plasma membrane
to the outside [4, 5, 8, 32, 33] promotes adhesion of CaOx
crystals to the epithelial cells. Crystal attachment to the
inner medullary collecting duct cells has also been corre-
lated with membrane fluidity [33]. Results of other tissue
culture studies also indicate that dynamic regions at the
lipid interface lead to increased chances of crystal nucle-
ation and or crystal attachment [33, 42]. Membrane dam-
age, which is so prevalent after exposure to oxalate and
CaOx crystals, may lead to exceptionally fluid sites that
can catalyze crystal nucleation and adhesion [5].
The results of this study show that exposure to Br
crystals injures LLC-PK1 and MDCK cells, as demon-
strated by the release of LDH into the medium. Cellular
response was both time- and concentration-dependent.
Interestingly, LLC-PK1 cells appeared more sensitive to
Br exposure, releasing significantly more LDH than
MDCK cells. The hypothesis that exposure to Br is injuri-
ous to renal epithelial cells in culture is further supported
by observations of reduced Trypan Blue exclusion by
the exposed cells. These results are similar to what has
been found in the case of cell exposure to CaOx crystals
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[38, 41]. LLC-PK1 cells were found to be more suscepti-
ble to the toxicity of oxalate and CaOx crystals than
MDCK cells [38].
Results also show generation of free radicals during
the Br/epithelial cells’ encounter, as is evidenced by the
production of H2O2. H2O2 is formed by a two-electron
reduction of O2 plus the addition of 2 protons or the
spontaneous or catalyzed dismutation of the superoxide.
H2O2 is more stable than other reactive oxygen species,
the superoxide or hydroxyl radicals, can go through the
cell membrane and have been shown to cause lipid per-
oxidation, DNA damage, and in the end, cell death
[43–46]. Results of the present study also demonstrate
that the treatment of renal epithelial cells with extracel-
lular SOD protected the cells and markedly reduced Br-
induced injury, providing the evidence for the production
of superoxide.
8-IP is a family of eicosanoids of non-enzymatic origin
produced by the random oxidation of tissue phospholip-
ids by oxygen radicals [17, 20, 21]. Our data show that
8-IP is elevated in cells exposed to 25 g/cm2 or 50 g/
cm2 Br, and this elevation was prevented by the addition
of 400 U/mL of catalase to the medium. Catalase is a
known scavenger of ROS and is involved in the break-
down of H2O2 into water and oxygen. The addition of
catalase caused a significant decrease in H2O2 and 8-IP
production, demonstrating that the cellular injury on Br
exposure was a result of the production of ROS and
subsequent lipid peroxidation. However, H2O2 does not
appear to be the only ROS involved. The presence of
catalase at 400 U/mL in the medium reduced H2O2 pro-
duction by cells exposed to 50 g/cm2 crystals for 4 hours
without a significant effect on increased 8-IP production
or LDH release. Perhaps cells produced more superox-
ide than constitutively expressed SOD could convert to
H2O2.
The results presented here show that the interactions
between renal epithelial cells and Br crystals are similar
to the interactions between renal epithelial cells and
CaOx crystals. Similar to CaOx exposed cells, CaP ex-
posed cells may also undergo changes in their surface
membrane structures, which promote crystal adhesion.
It is well known that CaP crystals provoke a response
from the exposed cells. The apatite form of CaP crystals
cause membranolysis of red blood cells [47] and have
been shown to adhere to clumps of cells in primary cul-
tures of rat renal papillary collecting tubule (RPTC),
rather than the cells in the monolayer itself [33, 48]. It
was concluded that a sublethal injury caused a loss of
tight junction integrity and separation of cells, exposing
binding sites on cell surfaces. Results also indicated that
CaOx and apatite crystals share the same binding sites.
When monkey kidney epithelial cells of non-transformed
BSC-1 cell line are exposed to CaOx, apatite, or Br
crystals, they are endocytosed [49]. CaOx and apatite
crystals induce significant cell proliferation. MDCK cells
also respond by endocytosis and cell proliferation. It
should be emphasized that crystal cell interactions are
based upon specific molecular contacts between the cell
and crystal surfaces [33, 48], and thus, depend upon the
nature of the crystals and the cell types. As a result, all
crystal cell interactions cannot be alike. A specific cell
can respond differently to not only different types of
crystals [50], but also to different forms of the same type
of crystal [47].
CONCLUSION
It has been proposed that crystals of CaP formed in
the loops become a substrate for the heterogeneous nu-
cleation of CaOx after reaching the collecting ducts,
thereby promoting stone formation in the renal papilla.
Our results demonstrate that CaP crystals, specifically
Br, are injurious to renal epithelium of both the proximal
tubules as well as collecting ducts, and injury to proximal
tubular epithelial cells is significantly more pronounced.
Cell death in the proximal tubules could provide mem-
branous substrates for additional crystal nucleation of
both CaP and CaOx and their aggregation in distal seg-
ments of the nephron. Injury to cells of the collecting
ducts could provide sites for crystal attachment. Thus,
in addition to nucleation, CaP crystals can independently
interact with the renal epithelial cells, induce injury, stim-
ulate sites for crystal attachment, and then either grow
into mature calcium phosphate stones or create sites for
CaOx crystal retention and stone development.
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